Pt/anodized TiO 2 /SiC based metal-oxide-semiconductor (MOS) devices were fabricated and characterized for their sensitivity towards propene (C 3 H 6 ). Titanium (Ti) thin films were deposited onto the SiC substrates using a filtered cathodic vacuum arc (FCVA) method. Fluoride ions containing neutral electrolyte (0.5 wt% NH 4 F in ethylene glycol) were used to anodize the Ti films. The anodized films were subsequently annealed at 600 °C for 4 hrs in an oxygen rich environment to obtain TiO 2 . The current-voltage (I-V) characteristics of the Pt/TiO 2 /SiC devices were measured in different concentrations of propene. Exposure to the analyte gas caused a change in the Schottky barrier height and hence a lateral shift in the I-V characteristics. The effective change in the barrier height for 1% propene was calculated as 32.8 meV at 620°C. The dynamic response of the sensors was also investigated and a voltage shift of 157 mV was measured at 620°C during exposure to 1% propene.
INTRODUCTION
Hydrocarbons are pollutants found in automobile exhaust gases and result from incomplete combustion of fuel in their engines 1 . They can be dangerous for humans even after short-term exposure, resulting in dizziness, intoxication, and narcotic effects. Hydrocarbons react in the atmosphere to form ground-level ozone causing health hazards such as lung damage and reduced cardiovascular functioning 1 . Hydrocarbons such as propylene (propene) are however, widely used by chemical industry for manufacturing of polypropylene, isopropanol, propylene oxide and acrylonitrile 2, 3 . Therefore, monitoring of hydrocarbon concentrations is important in industry and in environmental protection.
SiC is a wide band gap (3.2 eV) semiconducting material suitable for gas sensing applications at high temperatures due to its low intrinsic carrier concentration and high thermal conductivity 4, 5 . MOS sensing devices are frequently composed of a thin catalytic metal layer (generally group VIII transition metals such as platinum or palladium) supported on a reactive semiconducting metal-oxide. This device structure is simple to fabricate and enables the sensitivity, stability and selectivity of the sensors to be optimized through choice/treatment of materials, operating temperature and bias conditions 6 . The application of a reactive semiconducting metal oxide layers in MOS based sensors has also been well documented [7] [8] [9] [10] [11] . Titanium dioxide (TiO 2 ) is a n-type metal oxide with native oxygen-deficiency that has been widely used in applications such as gas sensors 12, 13 , dye-sensitized solar cells 14 , photocatalytic layers 15 and electro-chromic devices 16 . TiO 2 films have demonstrated H 2 13, 17, 18 , C 3 H 6 18 , and O 2 19-21 gas sensing capabilities.
In this paper, we describe the development of sensors based on anodized TiO 2 deposited on the SiC substrates. The gas sensing capability of the Pt/anodized TiO 2 /SiC towards propene at different operating temperatures up to 620˚C has been studied and the I-V characteristics and dynamic response of the sensors have been measured with respect to different concentrations of propene gas. A 70 mm diameter, 99.99 % purity Ti cathode was inserted into the FCVA system. The cathode was struck by a grounded mechanical striker to initiate the deposition plasma and an arc current of 120 A (average arc power 3 kW) was found to produce stable plasma conditions. A double-bend magnetic filter prevented deposition of macro-particles onto the sample, thereby minimizing surface roughness. Samples were mounted onto a metallic holder which slid onto an electrically isolated arm inside the chamber. A negative bias voltage of -100 V was applied to the holder via a highvoltage feed-through. This caused acceleration of the incident ions towards the substrates and this energetic deposition process assisted in the production of dense flat films. The RMS roughness of these films was measured over a 1 × 1 µm 2 area using tapping mode AFM and found to be less than 0.5 % of the deposited film thickness.
Anodization of the Ti films was performed using a neutral electrolyte medium of 0.5% (wt) NH 4 F in ethylene glycol solution at 10 V for 1 hr. A platinum foil was used as a counter electrode for the anodization at room temperature ( Fig. 1) . A SEM image (Fig. 2 ) of the anodized TiO 2 on the SiC substrates revealed that the anodization process resulted in highly porous TiO 2 films. Afterward, the samples were annealed in 90% O 2 at 600 ºC for 4 hrs to obtain TiO 2 and form an ohmic contact. A circular pad of platinum with 1 mm diameter and 100 nm thickness was then sputtered onto the anodized TiO 2 to form a Schottky contact. 
Gas sensing setup and measurement
The sensor was placed in a computerized multi-channel gas calibration system which enabled it to be exposed to different concentrations of the target gas. The test chamber included an alumina micro-heater in close contact with the sensor, which via a feedback circuit controlled the operating temperature of the sensor. The temperature was varied between room temperature and 700 °C. The device was exposed to different propene concentrations in the range of 0.125 to 1 %, at a constant volumetric gas flow rate of 200 ml/min. I-V measurements were carried out using a Keithley 2602 current source meter. The response of the sensor to propene was measured as a voltage shift when the sensor was reverse biased at 10 µA constant current. This voltage shift was recorded using an Agilent 34410A multimeter.
RESULTS AND DISCUSSION

Electrical properties
Pt/anodized TiO 2 /SiC sensors were tested for stability over a series of experiments. I-V characteristics of the sensors were measured towards synthetic air and propene at different temperatures in a range of 25°C to 620°C. Exposure of the sensors to a reducing gas (propene) caused the devices to exhibit a change in their electrical properties. Changes in the slope of the linear portion of the I-V characteristics were resulted from a decrease in the metal oxide (series) resistance 8, 22 . A lateral voltage shift in the non-linear region of the I-V characteristics was caused by a change in the Schottky barrier height. Fig. 3 shows the lateral voltage shifts of the sensors operating in different concentrations (0.125, 0.25, 0.5 and 1 %) of propene as a function of temperature. It was observed that at lower temperatures (less than 400 °C), the response of the sensors towards propene was not significant enough for reliable sensing. Higher temperatures are required for dehydrogenation on the catalytic metal surfaces 18 . At higher temperatures (more than ~600 °C), the rate of increment in the voltage shift decreases, therefore the optimum sensing performance occurred at approximately 620 °C. The forward and reverse I-V characteristics of the sensors exhibited in 1% propene in synthetic air and operated at 620°C are shown in Fig. 4 (a) and (b), respectively. The voltage shift of the I-V curves in reverse bias is approximately 10 times larger than that obtained in forward bias operation when a current of 10 µA is passed. Therefore the gas sensors were operated in the reverse bias region.
The following equations based on thermionic emission theory 23 are used to describe the reverse bias I-V characteristics of the Schottky diode:
where, J R is the reverse current density, A ** is the effective Richardson constant, T is the absolute temperature, q is the charge constant, φ B is the barrier height, ξ m is electric field applied across the Schottky contact, ε s is the electric permittivity of TiO 2 and k is the Boltzmann constant.
Therefore the barrier height in reverse bias can be simplified as: Fig . 5 shows the barrier height of the sensors at zero bias and under reverse bias conditions. The Fermi level at reverse bias is reduced below the Fermi level at zero bias, lowering the barrier height which causes a lower energy requirement for electrons to flow from the metal oxide to the metal. 
Gas response performance
At 620°C, the dynamic response of the Pt/anodized TiO 2 /SiC sensors towards propene was investigated. Response of the sensors was measured as a shift in voltage with respect to time as a constant reverse bias current of 10 µA was maintained. The sensors were exposed to different concentrations of propene (0.125, 0.5 and 1 %) for 5 min (Fig. 6) . Recovery measurements on the devices were performed by purging the gas and re-exposing the sensors to synthetic air until the original baseline resistance was restored. As can be seen from Fig. 6 , there was an upward baseline drift which was minimized at higher concentrations. Voltage shifts of 52, 96 and 157 mV were measured when the sensors were operated at 620 °C and exposed to 0.125, 0.5 and 1 % propene, respectively. The measurements were repeated several times to ensure repeatability. The gas sensing mechanism of these sensors is based on the dehydrogenation of the hydrocarbons at high temperature. In this process, dissociation of hydrogen molecules occurs on the catalytic Pt surface and is followed by diffusion of hydrogen atoms through the catalytic metal. An electrically polarized layer is formed at the metal-semiconductor interface [24] [25] [26] and the electric field of this layer at the metal-semiconductor interface reduces the barrier height of the sensor. This then causes a reduction of the metal-semiconductor work function resulting in a voltage drop. Hence, there is a voltage shift in the I-V curves when the sensor is exposed to gaseous hydrocarbons. Fig. 7 shows the barrier height of the sensors when exposed to propene under reverse bias conditions. The change in barrier height was determined to be 32.8 meV when the sensors were exposed to 1% propene gas in synthetic air.
CONCLUSION
We have developed Pt/anodized TiO 2 /SiC sensors and tested their sensing properties towards different concentrations of propene at high temperatures. I-V characteristics of the sensors have been measured and a lateral voltage shift was found to occur upon exposure to propene. The lateral voltage shift was due to a change in the barrier height which was investigated under reverse bias. At 620 °C, the effective change in the barrier height caused by exposure to 1% propene in synthetic air was found to be 32.8 meV. In dynamic response measurements at 620°C, voltage shifts of 52 and 157 mV were recorded when the sensors were exposed to 0.125 and 1% propene, respectively. The responses showed good repeatability and suggest that Pt/anodized TiO 2 /SiC sensors are promising devices for hydrocarbon sensing.
